Monosubstituted nitrotoluenes serve as important model compounds for nitroaromatic energetic molecules such as trinitrotoluene. This work investigates the ultrafast nuclear dynamics of 3-and 4-nitrotoluene radical cations using femtosecond pump-probe measurements and the results of density functional theory calculations.
Monosubstituted nitrotoluenes serve as important model compounds for nitroaromatic energetic molecules such as trinitrotoluene. This work investigates the ultrafast nuclear dynamics of 3-and 4-nitrotoluene radical cations using femtosecond pump-probe measurements and the results of density functional theory calculations.
Strong-field adiabatic ionization of 3-and 4-nitrotoluene using 1500 nm, 18 fs pulses produces radical cations in the ground electronic state with distinct coherent vibrational excitations. In both nitrotoluene isomers, a one-photon excitation with the probe pulse results in NO 2 loss to form C 7 H 7 + , which exhibits out-of-phase oscillations in yield with the parent molecular ion. The oscillations in 4-nitrotoluene with a period of 470 fs are attributed to the torsional motion of the NO 2 group based on theoretical results showing that the dominant relaxation pathway in 4-nitrotoluene radical cation involves the rotation of the NO 2 group away from the planar geometry.
The distinctly faster oscillation period of 216 fs in 3-nitrotoluene is attributed to an in-plane bending motion of the NO 2 and CH 3 moieties based on analysis of the normal modes. These results demonstrate that coherent nuclear motions determine the probability of C -NO 2 homolysis in the nitrotoluene radical cations upon optical excitation within several hundred femtoseconds of the initial ionization event.
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I. INTRODUCTION
Understanding the detonation mechanisms of energetic materials used in military 1 and mining 2 operations has been an active area of research for decades. While extensive studies have unraveled mechanisms of stored energy released in bulk energetic materials, [3] [4] [5] [6] [7] initial dissociation mechanisms of isolated energetic molecules still constitute an active area of investigation. [8] [9] [10] [11] [12] In energetic materials, excited electronic states and molecular ions are thought to drive initial energy release processes based on the observation of tribological luminescence. 13, 14 Thus, understanding relaxation and dissociation processes from excited states and ions of isolated energetic molecules is needed to fully understand initial excitation events in energetic materials, which may facilitate longstanding goals such as developing photoactive high explosives that can be initiated by lasers.
15
Because ultrafast events associated with the initial dissociation pathways of energetic molecules typically occur within a few picoseconds of the initial excitation, 16 time-resolved pump-probe methods originally developed by Zewail 17 are needed to investigate their dynamics. Pump-probe studies have revealed the dynamics of fast evolving events in energetic molecules including HMX and RDX, 18 nitramines, [19] [20] [21] nitromethane, 22 and furazan. 23 In all of these molecules, the ionized fragment NO + was formed from the electronically excited parent molecules within the pulse duration of 180 fs. In other studies, dissociation of NO 2 from nitromethane was found to occur within 81 fs 24 and the transient parent cations of nitrotoluenes formed from electronically excited neutrals were found to have lifetimes of 50−70 fs. 25 While these studies and others attest to ultrafast timescales leading to decomposition of energetic molecules from their neutral excited states, less is known about the dissociation dynamics of their radical cations. It is thought that the radical cations of energetic molecules dissociate via low-lying electronic states based on photoelectron-photoion coincidence measurements of nitromethane 26 and nitrobenzene, 27 as well as shaped 800 nm femtosecond laser pulse excitation of 4-nitrotoluene. 28 Recent theoretical studies have also identified ground state dissociation pathways in the radical cations of 1-nitropropane 29 and trinitrotoluene (TNT). 30 However, the timescales of these dissociation processes remain unknown.
One of the most important families of energetic molecules is the nitrotoluenes, with TNT the most widely investigated due to its practical uses. 2, 7, [30] [31] [32] [33] [34] [35] While multiple rearrangement reactions can occur in excited TNT and other nitrotoluenes, the homolysis of molecules arises because strong field multiphoton ionization is a nonadiabatic process that can populate multiple excited states in the cation. 39, 40 In contrast, strong field ionization via electron tunneling can form predominantly ground state molecular ions because a limited amount of energy is injected into the remaining ion during electron detachment. 39, 40 Tunnel ionization in atoms was first explained by Keldysh, where the transition from nonadiabatic to adiabatic ionization was described by the Keldysh adiabaticity parameter γ given by the ratio of the laser frequency ω 0 to the electron tunneling frequency ω t ,
where ∆ is the ionization potential, m e and e are the electron mass and charge, respectively, and E 0 is the laser electric field strength. The case γ >> 1 corresponds to a high laser frequency that inhibits electron tunneling through the electrostatic potential barrier before the electric field switches signs. This situation results in nonadiabatic multiphoton ionization as the electron continues to absorb energy over multiple cycles of the laser pulse.
39,40
Alternatively, the probability for electron tunneling is greatly increased when γ << 1, resulting in adiabatic ionization that imparts little energy to the remaining electrons.
Even though the Keldysh theory was proposed for atoms, it has also been found viable for polyatomic molecules with recent experiments of strong field ionization using near-infrared pulses for ionization.
49,50,52
This work will present pump-probe measurements on the radical cations of the isomeric compounds 3-nitrotoluene and 4-nitrotoluene (3-NT and 4-NT, respectively). The high yield of parent molecular ion when using 1500 nm pulses for ionization enables observation of coherent nuclear dynamics in the radical cations of both 3-NT and 4-NT. The ion yields in the two isomers exhibit distinct oscillatory dynamics, indicating coherent excitation of distinct normal modes. Interpretation of the experimental results is supported by a series of density functional theory (DFT) calculations of the optimized geometries, relaxation pathways, and vibrational frequencies in 3-NT and 4-NT radical cations. The remainder of this work is structured as follows: Sections II and III describe the experimental and computational methods, respectively. Sections IV and V present the experimental and theoretical results. Section VI presents an interpretation of the observed dynamics, and Section VII presents concluding remarks.
II. EXPERIMENTAL METHODS
The pump and probe pulses are generated from a Ti:Sapphire regenerative amplifier (Astrella, Coherent, Inc.) producing 30 fs, 800 nm, 5 mJ pulses. 2.2 mJ of the laser output is split with a 90:10 (r:t) beamsplitter, with 1.9 mJ used to pump an optical parametric amplifier (OPA, TOPAS Prime) to produce 1500 nm, 18 fs, 300 µJ pulses that are used as the pump. The pump pulse energy is attenuated with a λ/2 waveplate and polarizer and Gating (FROG) 53 setup to be 18 fs and 25 fs, respectively (Supplemental Material, Figure   S1 ). To establish the time-resolution of our experimental setup, Xe gas was introduced to the chamber and cross-correlation measurements using 1500 nm pump and 800 nm probe pulses with intensities of 6 × 10 13 W cm −2 and 1 × 10 13 W cm −2 , respectively ( Figure   1 (b)). Fitting the Xe + signal as a function of pump-probe delay to a Gaussian function produced a FWHM of 26.1 ± 0.2 fs, consistent with the FROG measurements. The absolute intensity of the pump pulse was calibrated by measuring the sum of Xe n+ ion intensities as a function of pulse energy, which were fit to tunneling ionization rates of a rare gas according to the well-established procedure. 55 The absolute intensity of the probe pulse was obtained by measurement of the focused beam waist using a CMOS camera (ThorLabs, Inc). The beam waist and Rayleigh range were determined to be 29.4 µm and 16 mm, respectively (Supplemental Information, Figure S2 ). With the probe pulse energies of 1 − 11 µJ and duration of 25 fs, the peak intensities were calculated to be in the range of 2 × 10 10 − 2 × 10
III. COMPUTATIONAL METHODS
Our computations are performed using the widely used B3LYP method, 56,57 as implemented in Gaussian 09 suite of programs. 58 We choose a balanced split-valence Def2-TZVPP [(11s6p2d1f )/5s3p2d1f ] basis of triple-ζ quality. The convergence threshold for total energy was set to 10 −8 eV and the force threshold was set to 10 −3 eV/Å. Each geometric optimization was followed by harmonic frequency computations in order to confirm the stationary character of the state obtained. In order to test the accuracy of our computational approach, we have optimized the anionic states in addition to the neutral and cationic states of both 3-NT and 4-NT.
The ground state of the neutral 4-NT molecule was found to be lower in total energy than the ground state of neutral 3-NT by 0.018 eV. This difference comes from only electronic total energies since the zero-point vibrational energies match each other within 0.001 eV.
The ionization energies computed as the difference in total energies of the cation and its neutral parent at the equilibrium geometry of the neutral are rather close to each other; namely, 9.60 eV for 4-NT and 9. 
IV. EXPERIMENTAL RESULTS
A. Time-resolved mass spectra and transient ion signals fs (purple) and τ = +4000 fs (green). The mass spectra are normalized to the respective parent ion yields at τ = −200 fs (probe precedes pump). In this situation, all ions are generated solely from the pump because the probe intensity is well below the ionization threshold and the parent molecular ion is the most intense peak for both 3-NT and 4-NT.
The predominant formation of parent molecular ion is consistent with previous studies on other molecules under adiabatic ionization conditions. 39,40,42-52 For both 3-NT and 4-NT at τ = +4000 fs, the parent ion signal is depleted and the C 7 H 7 + ion signal enhanced, indicating that the weak field probe pulse is capable of exciting ions generated by the pump to form C 7 H 7 + through cleavage of the C -NO 2 bond. Because the most significant changes in ion yields due to the probe pulse affect the parent ion and C 7 H 7 + , we will focus on the dynamics of these two ions. Other fragments are visible in the spectra, including
formed from the parent ion via nitro-nitrite rearrangement, and C 5 H 5 + , formed from dissociation of C 7 H 7 + . 59 NO 2 + and NO + in both molecules are formed via Columb explosion of a multiply-charged precursor based on the split peaks marked with a * in the mass spectra.
63
The transient ion signals of the parent ion C 7 H 7 NO 2 + (red) and C 7 H 7 + (blue) as a function of pump-probe delay τ are shown in Figure 2 
B. Analysis of the oscillatory motions
To gain further insight into the oscillatory dynamics observed in 4-NT and 3-NT, the transient ion signals for the parent ion and C 7 H 7 + at τ > 40 fs (i.e., after the pump pulse is over) were fit using nonlinear least square methods to the following equations,
where a denotes the oscillation amplitude, T and T 1 denote the coherent lifetime in 4-NT (Eq. (2)) and 3-NT (Eq. To fully characterize the excitation leading to cleavage of the C -NO 2 bond, pump-probe measurements were performed on both molecules at a series of probe intensities from approx-imately 2 × 10 10 to 2 × 10 11 W cm −2 and fit to Eqs. (2) or (3) (Supplemental Information, Figure S3 ). For both molecules, the following fit parameters were found to be independent of the probe intensity: coherent and incoherent lifetimes, oscillation periods, and phase (summarized in Table I ; all fit parameters to the data in Figure S3 are presented in the Supplemental Information, Tables S1 through S4). The consistent dynamical timescales and phase difference of approximately π radians between the parent and C 7 H 7 + ions indicate that the same excitation processes occur over this range of probe intensities. The amplitude coefficients corresponding to coherent dynamics (a in Eqs. (2) and (3) Tables S7 and S8 ).
Electron detachment changes the bond lengths in the C 6 rings of both isomers ( Figure   5 ) and the ring carries about 0.75 e excessive charge in the 4-NT cation and nearly 0.9 e in the 3-NT cation (Supplemental Information, Tables S7 and S8 ). Since electron detachment from the neutral 3-NT does not lead to a change in the geometrical topology, there is no energy barrier for a transition from the neutral geometry to the optimal cation geometry.
However, this is not the case for the neutral 4-NT, where electron detachment results in the NO 2 plane rotating by 52.5
• relative to the plane of the phenyl ring. In order to find the pathway from the neutral geometry to the cation geometry, we applied the QST2 approach Because the observed oscillations in the 4-NT and 3-NT ion yields arise from coherent vibrational motions in the parent radical cations, [49] [50] [51] [52] [64] [65] [66] [67] [68] [69] it is of interest to determine the vibrational modes in both molecules. The frequencies and intensities of the vibrational modes in both the neutral molecules and their cations were calculated via normal mode analysis. In order to improve comparison with experiments, we have computed third-order anharmonic corrections to the harmonic frequencies of the neutral and cationic 4-NT and 3-NT isomers, whereas the intensities were taken from the harmonic frequency computations.
To benchmark the calculated frequencies and intensities, the predicted infrared spectra for the neutral molecules were compared to experimental spectra obtained from NIST 71 ( Figure   7 ). The calculated anharmonic frequencies match the experimental peaks to within 15 cm • . Figure 8 shows the potential energy curves along the NO 2 dihedral angle for both 3-NT (red) and 4-NT (blue). As expected, the potential energy decreases by 0.12 eV in 4-NT as the NO 2 group rotates away from 0 • to its optimal value at 52.5
• . The global maximum at 0 • and local maximum at 90
• correspond to TS 1 and TS 2, respectively, of the relaxation pathway in Figure 6 . It is of interest to note that the shape 4-NT potential energy curve along the NO 2 dihedral angle possesses a remarkable similarity to that for the analogous curve along the COCH 3 dihedral angle in acetophenone, which has a local maximum at 90
• and global maxima at 0 • and 180
• . (Table S10) . Instead, we consider a group of three normal modes with computed frequencies in the range of 158 − 207 cm −1 in the neutral and 143 − 202 cm −1 in the cation (Table S10) to account for the 160 cm −1 oscillations. These modes correspond to the low-frequency bending motions shown in Figure 9 . Because modes A and B correspond to out-of-plane bending motions in the benzene ring, neither is likely to be excited in our experiments because the benzene ring does not change from its planar geometry upon ionization (Figures 5 and 6 ). Thus, we suggest that mode C corresponding to the in-plane bending motion of the NO 2 and CH 3 moieties gives rise to the observed oscillations. This mode assignment is supported by the changes in bond lengths and angles involving the benzene ring, NO 2 , and CH 3 groups in 3-NT when going from the neutral to cation geometry ( Figure 5 ). The coherent excitation of a torsional motion in ionized 4-NT may be expected because coherent torsional mode excitation has been observed in a number of molecules including acetophenone and its derivatives, 49,50,68,69 1,3-dibromopropane, 67 and azobenzene. 51, 66 The lack of torsional mode excitation in 3-NT upon ionization also resembles the case of 3-methylacetophenone, where no coherent oscillations were observed. 69 The authors attributed the lack of oscillations in 3-methylacetophenone to the increase in the potential energy upon rotation of the acetyl group away from the planar geometry, which is similar to the potential energy curve in 3-NT (Figure 8 ). Unlike the latter results, we do see coherent oscillations in the 3-NT ion yields from excitation of the in-plane bending mode C shown in Figure 9 .
We attribute this ability to resolve such small-amplitude oscillations to the use of a 1500 nm pump wavelength that ensures adiabatic ionization and predominant population of the ground state molecular ion. Supplementary Material Pulse characterization; tabulated data of pump-probe nonlinear least squares coefficients; tabulated computational results of molecular geometries, charge states, and vibrational frequencies.
